Biomass is an alternative source to fossil fuels as proven by the increase of the primary energy production of 6.1% between 2012 and 2013. In European countries, the biomasses are 3.5% of renewable energy sources and they have a strategic role to reach the objective established by the European Directive 2009/28/CE. However, it is necessary to increase the use of renewable fuels, as syngas and biogas, to satisfy the objectives of the UE in the field of renewable energies and greenhouse gas emissions. The gasification and pyrolysis processes to produce syngas are promising technologies for a practical use of the biomass. In this context, gasification of biomass from agro-forestry activities is considered among the most effective sustainable technologies to recover waste that otherwise would be difficult to dispose. The micro-CHP electrical and thermal power were calculated through a balance of mass and energy based on an input-output model of the overall system. The results of this study demonstrated that it is possible to produce thermal and electrical energy for small agro-industries through the valorization of the residuals biomass deriving by their activities. (Presented at the AIGE Conference 2015)
INTRODUCTION
Agricultural and forestry residues can be suitably recovered to produce electrical and thermal energy; otherwise, they have to be processed as wastes [1, 2, 3] .
The energy production from the biomass, based on short rotation forestry and other agricultural activities or energy crops, can significantly contribute to reach the target of reduction of greenhouse emissions and restrict the phenomenon of climate changes [4, 5] .
The gasification process of biomass allows the production of syngas which is mainly composed of CO, CO2, CH4, H2 e N2 [6] , and its specific composition depends on the fuel source and process technology. The substantial variation of the composition and of the lower heating value (LHW) are among main barriers to the use of syngas. The drawback is the low thermal power obtainable using fuels with relatively modest values of LHW. The low thermal heating value of syngas could be partially balanced by turbo-charging engine or other specific technologies [7] . Micro-CHP (Combined Heat and Power) plants, with power of 0÷100 kWel, are realized coupling a reciprocating Internal Combustion Engine (ICE) equipped with a thermal recovery and an electrical generator, which allow the contemporary production of electrical and thermal energy. Several studies and applications have proven that micro-CHP plants fed with syngas have electrical and thermal efficiency respectively in the ranges 20÷25% and 45÷55% [8, 9] . The same plants fueled with natural gas are characterized by an electrical efficiency that varies in the range 25÷28% [10] . Other studies in literature have highlighted that ICE fed with syngas have useful power lower than those fed with natural gas (NG) due to relatively low values of LHV of syngas [8, 9, 10, 11] . Moreover, it is necessary increase the airflow during the combustion process to minimize the reduction of effective power [12, 13, 14] . The ICE fueled with syngas need of an index of excess air (λ) with values variable between 1.25 e 2.50 [7] . In this study, it was evaluated the efficiency of a micro-CHP plant (Pel <100 kWel) that consists of a commercial spark ignition engine fed continuously and at full load with syngas obtained through the gasification of olive kernel. The biomass, specifically olive kernel, was characterized in laboratory for determining the moisture content, ash, volatiles and fixed carbon. A calorimeter was used for measuring the heating value of the biomass. At the downstream of the gasifier, it is necessary install a clean-up system of the syngas in order to remove the impurity and to achieve a fuel gas that is compatible with a commercial ICE.
Moreover, this study proposes a methodology to evaluate the electrical and thermal efficiency, the Energy Utilization Factor (EUF) and the greenhouse gas reductions obtainable from the micro-CHP plant fueled with the produced syngas.
This study was developed within the research project PON02_00451_3362376 named BIO4BIO.
MATERIALS AND METHODS

Gasification process
The gasification process is the thermal conversion of organic materials at elevated temperature and reducing conditions to produce primarily permanent gases, with char, water, and condensable gases as minor products [15, 16] .
It is a complex and sensitive process, which depends by the chemical composition and moisture content of the biomass; mass flow and temperature of oxidant; temperature and pressure during the process; heating rate; gasifier design and so on. Between the different technologies of gasifier, the downdraft gasifier (Figure 1 ) is particularly attractive thanks to its ability for producing a syngas with a very low tar content (1%) in comparison with other gasification technologies. The biomass, introduced into the gasifier reactor, is initially subject at the process of drying and pyrolysis. At this stage, the reactor temperature reaches values between 200°C and 500°C so the moisture content of biomass is converted in steam. During this process, char, tar and other volatile species such as CO, CO2, H2, and CH4 are formed. Then, such products flowing in the combustion-reduction zone of the gasifier, where temperatures around 1000°C are reached. At this stage there is the production of ash, char and syngas, which is composed mainly by CO, CO2, H2, CH4, N2 and H2O. Thermodynamic balance models allow to predict with sufficient accuracy the chemical composition of the syngas produced through a downdraft gasifier. Usually, thermodynamic models are based on the following assumptions:
• gasifier operates in steady-state conditions at pressure of 101.13 kPa;
• permanence time of the vapors into the gasifier is sufficient to reach chemical balance in adiabatic conditions;
• air is supplied in dry conditions at temperature of 25°C and pressure of 101.13 kPa;
• ash are inert materials and the produced gas is an ideal gas composed by CO, CO2, H2, CH4, H2O, N2 and tar.
Mathematical model
In accordance with the previously mentioned assumptions, the overall gasification reaction of one mole of biomass is expressed as follows:
Where: "h", "o" and "n" are the number of atoms of hydrogen, oxygen and nitrogen; "w" is the moles number of H2O; "a" is the moles number of air incoming in the gasifier; the terms "x1,..6", on the right of the (Eq. 1), indicate the moles number of the chemical components of the produced gas; "xtar" and "xchar" indicate respectively the produced moles number of tar and char.
The unknown quantities of the reaction (1) are the numbers of moles "xi", from x1 to x5, since nitrogen is considered inert and tar and char moles are input parameters of the model. Considering that also the equilibrium temperature (T) is unknown, globally we have six unknown quantities that can be determined solving a system of six equations. Three mass balance equations; two equations for the equilibrium constants, k1 and k2, of the chemical reactions taken in account; one equation of the gasifier energy balance.
A mathematical model has been developed in Matlab that allows the iterative resolution of those six equations. Figure 2 shows the algorithm scheme of the numerical model developed in Matlab environment.
Figure 2. Matlab resolution scheme of the developed model
The numerical model of the gasification process was validated comparing the results of the simulation with experimental data [17] .
OLIVE KERNEL GASIFICATION
Chemical and physical characterization
The milling technologies associated with the olive production generate several wastes. Olive kernel and pomace are the residues, which come from processes and treatments of olive oil extraction. Therefore, it is a very interesting challenge exploiting those wastes for producing a syngas and, subsequently of both thermal and electrical energy through a micro-CHP plant [18] . Overall, such process allows reducing the dependence by conventional fuels [17, 18] the agroindustries sector. Figure 3 shows a sample of olive kernel obtained as wastes of agro-industrial processes of the olive oil.
Figure 3. Sample of olive kernel
The laboratory analysis conducted on the sample of olive kernel allowed to obtain its chemical-physical properties. The physical features and chemical composition of the olive kernel are reported in tables 1 (proximate analysis) and 2 (ultimate analysis). The composition and characteristics of syngas were determined using the calculation code processed in Matlab [17] and they are reported in table 3. The syngas exiting the gasifier has to be subjected to a cooling and cleaning process, before to enter in the ICE as well to be suitably depurated, filtered and condensed in order to remove the impurities that are contained in it.
The condensed tar is partly deposited on surface of the piping of the heat exchangers system-causing fouling consequently it is a potential problem if the syngas has to be compressed, as it may settle in the compressor. Particulate matter, inert solids such as char, ash and sand, produced from gasification process, also have a damaging effect on the parts and organs moving. The syngas quality requirements for ICE are less strict than the ones for gas turbines (GT) [6, 21, 22, 23] . The products of the gasification reaction, which worsen the operation of the engine and the related systems of cleaning, are:
• Char: The engine manufacturers have established that the syngas has to have a char content up 50 mg/m 3 [24] consequently bag filter, cyclone, evaporative towers are used to remove the particulate matter contained in the syngas;
• Tar: The maximum permissible content of tar is 50÷100 mg/m 3 in the produced gas [25] . The system frequently used is the washing with water that allows to decrease the temperature of syngas in order to cause the condensation of the hydrocarbons contained in the syngas until to their complete removal. The components used for this process are the scrubbers which exploit the direct contact between syngas and water.
For the syngas cleaning are provided the following devices: heat exchanger as temperature reducer, multicyclone dry, bag filter, and scrubber.
MICRO-CHP PLANT
The micro-CHP unit is based on a spark ignition engine fed by the produced syngas. The plant has a circuit of heat recovery on a secondary circuit of heating. Two heat exchangers placed in series with the internal combustion engine constitute the section of heat recovery as depicted in the plant layout in Figure 4 .
Moreover, plant layouts that adopt two independent circuits to recover the heat by the exhaust gases and jacket cooling system, can be adopted. In the proposed layout, the engine is cooled with a pipe heat exchanger while the enthalpy content in the exhaust gas is recovered with a plate heat exchanger. The thermal power effectively recoverable from the plant depends on the technology of engine, efficiency and surfaces of the heat exchangers system [26] .
The production of electrical energy is achieved connecting the crankshaft to a three-phase generator that converts the DC current in AC current and it is transferred to the distributed electric grid at frequency of 50 Hz by an inverter. The electric generator is switched on angular velocity of the rotor above 1500 (rpm). 
Pollutant emissions
The concentration of combustion products as CO, NOx, SOx, and HCl depends by the syngas composition. A syngas with high concentrations of CO and H2 reduces the probability of CO emissions [27] . One of the three formation modes of NOx, "Prompt NOx", occurs in conditions of rich mixture of fuel, gas at high concentration of CH4, when the N2 reacts with active carbons. The other two processes of formation are "thermal NOx" and "combustible NOx", as reported in [28] .
Hydrogen and carbon monoxide, contained in the syngas, require a high temperature of burning which facilitates the thermal formation of NO and NO2. On the contrary, high temperatures favor the complete combustion and reduce the emissions of volatile organics mainly consisting by low fractions of hydrocarbons. The particulate matter, metallic compounds and other undesirable pollutants are usually removed before that the syngas is burned to produce electrical and thermal energy.
Operative parameters
The performance of the micro CHP plant were evaluated under the operative parameters reported in table 4. 
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At the plant Under stoichiometric combustion, the air-fuel ratio (αs) is equal to 1.43 (kga/kgb), and it is significantly lower than the one of the natural gas (17.0 kga/kgb). Consequently, the specific power per unit of air-fuel mixture decreases [30] .
Therefore, considering a process of complete combustion and adiabatic conditions an increase of excess air (EA) reduces the flame maximum temperature and the NOx emissions [31] .
We have assumed an index of EA equal to 1.90 since it is within the range suggested for the syngas combustion that ranges between 1.6-2.5 [31, 32] . The adoption of such value of EA (1.90) determines an air-fuel ratio (α) of 2.72 (kga/kgb).
The characteristics of syngas and the operative conditions previously mentioned for the micro-CHP plant do not involve substantial variations for the engine but it is necessary increase the nozzles section of intake-air and the exhaust gases. These changes are necessary to satisfy the flows of syngas and air that assume higher values than the ones of the natural gas during the combustion [33] .
The higher value of LHV of natural gas (46÷50 MJ/kg) compared to syngas involves that thermal power produced by syngas is lower than that natural gas for the same fuel flow rate. To achieve the same thermal power, it is necessary to consider the following ratio: 
In order to characterize the behavior and the performance of the engine, we have calculated the effective power (Pe), varying the air-fuel ratio (α), ratio between the volume airintake and the volume of generated air (λv) and engine speed (1500 -2400 rpm). All the calculations were carried out considering the engine runs continuously and fully loaded. The effective power (Pe) was calculated using the following expression:
Where ηu is useful efficiency; λv is ratio between taken air and generated air; Z is number of cylinder; Vu is cylinder displacement volume; ns is the number of crank rounds; ρa is air density, ε=T/2 is the number of the crank rounds for cycle.
Energy balances
The thermodynamic model used for the energy analysis of the micro-CHP system is based on the 1 st principle of the thermodynamic. The engine operates according to the Otto cycle and it has a mechanical work expressed as difference between expansion work and compression work. The authors used the equation reported in [34] with the assumption that the inlet temperatures of syngas and combustion air are coincident with the outdoor air temperature.
The input and output power were calculated using the equations of energy balance [35] .
In table 6 are reported data used in the energy model of the micro-CHP with an electric power of 70 kWel. The cooling water flow rate (ṁ c) was assumed equal to 16,000 (kg/h) according to the technical characteristics of the engine manufacturer [29] . The mechanical power (Pm) available at the crankshaft was calculated with the Eq. (4) under the following assumptions: heat losses in combustion chamber (Qd) and mechanical losses for friction (Qm) were assumed equal to 7% and 5% of the input power [36] ; the losses due to the lubrication oil circuit (Qo) represent 6% of the input power [36] . where: ṁ c is the cooling water mass flow rate cp,c is the specific heat of the cooling water ∆Tc is the difference between inlet and outlet temperature of cooling water ṁ eg is the exhaust gases mass flow rate cp,eg is the specific heat of exhaust gases ∆Teg is difference between inlet and outlet temperature of exhaust gases.
The electric power (Pel) was calculated considering an efficiency of electric generator of the 96%. In Table 7 are reported the input and output powers of the internal combustion engine (ICE). Globally, the engine reaches an electrical efficiency of 20% that is lower of the efficiency of the same engine fueled with natural gas, which has values of 25÷28%. The thermal power recovered by the heat exchangers of exhaust gases and water cooling are reported in the table 8. These thermal powers were calculated adopting an efficiency for the heat exchanger (εHX) equal to 85%. The water flow rate to provide to the users (ṁ w) was established equal to 10,000 (kg/h), in order to guarantee the typical operating conditions of an engine. The micro-CHP plant can recover a thermal power (Pth) of 79.33 and 92.15 (kWth) respectively from the cooling water and exhaust gases.
The electric characteristic of the micro-CHP system expressed as ratio between electric efficiency (20%) and thermal efficiency (48%) is equal to 0.41. The energy utilization factor (EUF) [37] is calculated as follow:
The Sankey diagram ( Figure 5 ) illustrates the input and the output of energy flux for different subsystems of thermal energy, normalized to 100%, coming from the combustion of the syngas in the micro-CHP system. 
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Gasification efficiency
The gasification efficiency is defined as efficiency of cold gas (ηCG) and it is achieved by the ratio between the energy of the syngas and the energetic potential of the biomass. This ratio depends on the lower heating value (LHV) of both fuels, rate of biomass consumption (ṁ bio) and flow rate of syngas exiting from the gasifier (ṁ syn) [19] .
In Table 9 , are reported the flow-rate of biomass and syngas respectively incoming and exiting from the downdraft gasifier, the indicators of production and efficiency of cold gas of the gasifier. It is possible to achieve a performance of gasification of 60% with a flow rate of syngas of 246 (kg/h) incoming to the engine, if it is used a flow rate of biomass of 120 (kg/h) into the gasifier. Efficiency of cold gas ηCG 60 %
GREENHOUSE GAS EMISSIONS
In this part of the study, the comparison between the molar fractions of CO2 contained in the exhaust gases of the engine supplied with syngas respect to an engine supplied with natural gas or propane is developed. The volume fractions of the combustion products were calculated knowing the mole number of CO2 and others products using the following simplified equation both under conditions of direct combustion of biomass and under condition of combustion of syngas. 
The following emissions were obtained:
• 16% of carbon dioxide (CO2);
• 65% of nitrogen (N2);
• 18% of water (H2O) according to molar composition of the exhaust gases.
These values represent the volume fraction of the combustion products and consequently the ideal values of exhaust gases coming from the combustion of the syngas. The results reported in table 10 show the energy production per kg of olive kernel after direct combustion.
The results of this comparison highlight that the CO2 produced per unit of energy from biomass is greater than that produced by the combustion of propane or natural gas.
However, it is necessary to highlight that the emissions of CO2 derived from the engine supplied with natural gas and propane totally contribute at the increase of greenhouse gas in the atmosphere. Otherwise, the emissions of CO2 derived from the engine supplied with the syngas produced by the processes of thermochemical conversion of the biomasses, have to be cut by the aliquot of CO2 taken out of the atmosphere during the phase of growth of the biomasses itself. The direct combustion of olive kernel provides a higher emission rate of CO2 per unit of fuel compared the gasification (about 66%), on the contrary the emissions per unit of energy are lower compared to the gasification of the same biomass (about 20%). Besides, the particle matter, metallic compounds and others undesirable pollutants are usually removed before that the syngas is burned to produce electrical and thermal energy.
CONCLUSIONS
The aim of this paper is provide information on the production of electrical and thermal energy achievable from a micro-CHP plant fueled with syngas. In particular, it was adopted a syngas produced by short rotation forestry and others agricultural activities related to olive kernel. The chemical composition of the syngas was obtained using a calculation model based on the equations of the thermodynamic balance. The syngas produced has a LHV equal to 5.16 MJ/kg against a LHV of the biomass of 19.31 MJ/kg. The energy productions were calculated considering a commercial internal combustion engine model Cummins G855G that uses an index of excess air equal to 1.90.
Globally, the micro-CHP plant achieves the following coefficients of performance: Electrical Efficiency equal to 20%; Thermal Efficiency equal to 48%; Energy Utilization Factor (EUF) equal to 0.68. The analysis of the greenhouse gas emissions shows that the emissions produced by the syngas combustion are more of two order greater than the ones of natural gas or propane combustion. However, the environmental balance is positive because the CO2 derived from the engine supplied with natural gas and propane totally contribute at the increase of greenhouse gas in the atmosphere. Otherwise, the emissions of CO2 derived from the engine supplied with the syngas produced by the processes of thermochemical conversion of the biomasses, have to be cut by the aliquot of CO2 taken out of the atmosphere during the phase of growth of the biomasses itself. 
